T he recent literature in ecosystem ecology reveals two parallel trends. The first is an increased recognition of the importance of time and space scales as determinants of the patterns researchers observe and predict. This is evident in the steady increase in the number of journal articles listing scale as a keyword (figure 1a ; Schneider 2001) and in the publication of numerous recent books devoted to scaling theory (e.g., Peterson and Parker 1998) . The second trend is the increased use of manipulative field-and laboratory-based experiments to test ecological theory (figure 1b; Ives et al. 1996) . Although scale and experimentation are conceptually linked, they remain awkwardly disconnected in practice; to date, experimental work in ecology has not taken full advantage of, or been effectively used to advance, scaling theory. Consequently, a debate has developed among ecologists regarding the appropriate scales for conducting ecosystem-level research.
It is commonly recognized that the scales selected for an investigation reflect a delicate balance among control (the ability to relate cause and effect, to replicate, and to repeat experiments), realism (the degree to which results accurately mimic nature), and generality (the breadth of different systems to which results are applicable; Kemp et al. 1980) . Enclosed experimental ecosystems (micro-and mesocosms) have gained in popularity because they maximize opportunities for control (Odum 1984) . This is particularly true in coastal aquatic habitats, where options for controlled field manipulation are constrained by complex bidirectional exchanges between land and sea. However, a number of critics have suggested that the high degree of control afforded by mesocosms comes with a concomitant reduction in realism (e.g., Schindler 1998) . Others point out that problems of realism and scale are likewise evident in whole-ecosystem manipulations (Fee and Hecky 1992) ; both in mesocosms and in the field, researchers must extrapolate results from small experimental systems to larger, deeper, more open, more biodiverse, and more heterogeneous ecosystems.
Parallel interests in scale and in manipulative experiments, coupled with concern regarding the relative merits of different approaches to experimentation, raise a series of questions that have been the focus of long-term studies at the Multiscale Experimental Ecosystem Research Center (MEERC) at the University of Maryland. Specifically, can scaling theory be used to improve the design of experiments so as to maximize realism? Conversely, can multiscale experiments be designed to test and advance scaling theory? Finally, can practical and empirical scaling rules be developed to facilitate comparisons among experiments and extrapolation of results from experiments to nature? The unique goal of MEERC has been to assess scale as an independent variable that drives ecological behavior. Over the last 10 years, we have conducted experiments in a variety of estuarine habitats to determine the effects of water depth, tank radius, ecosystem size, exchange rate, experimental duration, and ecological complexity on primary productivity, nutrient cycling, and trophic dynamics. Our goals in this article are to clarify "the problem of scale" (sensu Levin 1992) as it relates to manipulative research and to review MEERC studies and their implications for the use of mesocosms to understand nature.
The meaning of scale and its relevance for experiments
Discussions of ecological scale can be confusing, because the meaning of the word scale depends on its context (Schneider 2001) . Among other things, scale can function as two parts of speech, a noun and a verb. As a noun, it refers to a set of variables that characterize the time, space, and complexity of organisms, ecosystems, and experiments. For instance, two key aspects of temporal scale that must be considered in experimental design are duration (length of experiment, organism generation time, perturbation response time) and frequency (timing of perturbations and sampling, exchange rates, variability in timing of inputs). Spatial scale is defined by variables such as length, depth, area, volume, shape, and heterogeneity (patchiness). Although a third scaling variable, ecological complexity (e.g., Frost et al. 1988) , lacks fundamental dimensions of time and space, some have suggested that it can be used to characterize features such as species diversity, trophic dimensions (food-chain length, trophic diversity), environmental attributes (number of habitats, interconnections among habitats, biogeochemical diversity), and levels of ecological organization (population, community, ecosystem) . Numerous researchers have found a correlation between scales of time and space, and sometimes between scales of time or space and scales of complexity, when they are plotted against each other (e.g., Schneider 2001) . The verb form to scale refers to the act of relating or extrapolating information from one scale of time, space, or complexity to another. How can scientists extrapolate from small-scale experiments and observations to larger-scale natural ecosystems, from short-duration experiments to long time periods, from parts of nature to whole ecosystems, and from simplified ecosystems to the full complexity of nature? These questions should be of central concern to all ecological researchers.
Landscape ecologists emphasize two additional aspects of temporal and spatial scale, grain and extent. In the most general sense, grain refers to the smallest size or time scale that can be resolved. By analogy, it is useful to think of grain in terms of the pixels per square centimeter of film (spatial (a) Separate searches were conducted by year for the term scale in keywords and abstracts of three journals emphasizing terrestrial research (Ecology, Oikos, Oecologia) and two journals publishing only aquatic research (Limnology and Oceanography, Marine Ecology Progress Series). The number of articles identified in each year was standardized to the total number of articles published for that year in those journals and expressed in the graph as a percentage. (b) A similar search was conducted with the same five journals to identify field studies (operationally defined as those responding to the keyword field experiment) and mesocosm experiments (responding to the keywords mesocosm, microcosm, enclosure, and limnocorral). Given these operational definitions, it is likely that there was overlap between these two categories (e.g., mesocosm studies conducted in the field) and that most field and mesocosm studies were excluded because they did not use these keywords. As a result, the absolute number of papers and the actual balance between field and mesocosm studies may be in error; however, the temporal trends are representative (Kemp et al. 2001 grain) and the frames per second shot by a movie camera (temporal grain). If grain is rough, viewers see a blocky, choppy moving image; if it is fine, they see a high-resolution image with smooth, continuous movement. In contrast to grain, extent is the total size and time scale of interest; it can be defined in terms of the size of the film (spatial extent; e.g., 16 versus 35 millimeters [mm] ) and the total duration of the film (temporal extent). Three distinct contexts for grain and extent can be distinguished (Kemp et al. 2001) , depending on whether the data of interest are observed in nature (observational scale), collected through experimental manipulations using a certain sample size and over a defined experimental area (experimental scale), or measured as intrinsic characteristics of a natural system, such as the school size of fish or the size of a watershed (natural or characteristic scale).
In all three contexts, grain and extent are dependent on the frame of reference and sampling technology used by the investigator and on the processes of interest (e.g., Wiens 1989) . For instance, from the perspective of a population ecologist interested in a soil nematode, a small (e.g., 10 meters [m] x 10 m) plot and a specific season (e.g., summer) may define the scale of experimental extent. From the perspective of an ecosystem scientist tracing watershed biogeochemistry, on the other hand, this same small plot size and single-season duration may represent experimental grain, and the size of the entire watershed and a period of several years may appropriately define experimental and characteristic extent. From the perspective of a global change scientist using remote sensing technology, the watershed may represent experimental and characteristic grain size (i.e., a single pixel) in a model that defines extent as the regional landscape or even the whole biosphere over decades or centuries. Theory suggests that it is challenging to make inferences about dynamics that operate at scales finer than observational grain size or broader than observational extent (Wiens 1989) . Ecologists' need to extrapolate beyond the extent scale of their manipulative experiments (i.e., to the larger scales of nature) therefore represents a significant challenge.
Several scaling concerns must be addressed when using mesocosm results to predict effects in natural aquatic ecosystems. The first and most obvious is that experimental systems are constrained in extent. With a median duration of 49 days and a median volume of 1.7 cubic meters (m 3 ) , aquatic mesocosm studies are obviously brief and small relative to the natural grain and extent scales that characterize many important ecological processes. A second problem is the presence of walls, which restrict biological, material, and energy exchange with the outside world and provide a substrate for growth of undesirable (but potentially influential) organisms on this artificial edge habitat. A third problem is that a host of experimental design decisions-such as how many replicates to include per treatment and whether to control light, mixing, and other properties-tend to be constrained by and vary together with choices of size, duration, and complexity (figure 2). Finally, the relative importance of the air-water area, sediment-water area, and wall area, in relation to each other and to water and sediment volume, changes with the physical dimensions of a mesocosm.
An analysis of aquatic studies conducted in cylindrical planktonic-benthic mesocosms revealed that experimenters gravitate toward a depth-to-radius ratio of approximately 4.5 (figure 3; . As a consequence of this bias, in general, larger mesocosms simultaneously are less influenced by wall artifacts, have less sediment area per unit volume, and have less surface area available for gas and light exchange per unit volume than do smaller systems (figure 3b, 3c). Collectively, these scaling problems complicate interpretation, comparison, and extrapolation of findings from mesocosm experiments. Unfortunately, parallel scaling problems also exist for field experiments. For example, replication tends to decrease with increasing plot size (e.g., Kareiva and Andersen 1988) , and experimental lakes and field plots tend to be orders of magnitude smaller and shallower than the natural systems for which inferences are drawn (e.g., Fee and Hecky 1992) .
One might conclude from the preceding discussion that reductions, artifacts, covariation, and distortions in scale pose an almost insurmountable obstacle to designing experimental ecosystem studies. Alternatively, we have chosen to view these problems as interesting research opportunities that can be used to advance theoretical and practical understanding of the "science of scale" (sensu Meentemeyer and Box 1987) . Specifically, MEERC studies were designed to shed light on two classes of effect: (1) fundamental effects of scale, which are evident in both natural and experimental ecosystems (e.g., the effects of water depth), and (2) artifacts of enclosure, which are attributable to the artificial environment in experimental ecosystems (e.g., the effects of wall growth). To this end, we have conducted a series of experiments in which we have systematically manipulated time, space, and complexity in a variety of estuarine habitat types ( figure 4, table 1 ). In the sections below, we draw on these experiments to address the following scale-related questions:
• What are the effects of depth and tank radius on the dynamics of experimental planktonic ecosystems?
• To what extent can depth-scale effects observed in these mesocosm studies be extrapolated to nature?
• How do trophic depth and species diversity (two features of ecosystem complexity) affect estuarine ecosystem dynamics?
• How does the rate at which water is exchanged within estuarine habitats and among different types of estuarine habitats affect ecological dynamics?
• To what extent does physical scale affect ecological variability?
• What rules and tools are available for improving the design of mesocosm experiments so that they more realistically represent the dynamics of largerscale natural ecosystems?
Experiments to determine the effects of physical dimensions
The first priority of MEERC was to assess the effects of mesocosm size and shape on the dynamics of planktonic-benthic ecosystems (figure 4a). Fifteen cylindrical mesocosms were constructed, with five distinct dimensions, three volumes, and three replicates per dimension (figure 5). These mesocosms were organized into three series: one with a constant depth (A, C, and E tanks; depth = 1.0 m), one with a constant shape (B, C, and D tanks; radius-to-depth ratio = 0.57), and one with constant volume (D and E tanks, volume = 10 m 3 ; A and B tanks, volume = 0.1 m 3 ). Mesocosms received artificial light on a 12:12 light-dark cycle and an exchange of filtered estuarine water at a rate of 10% per day; they were mixed to mimic turbulence in a tidal environment and initiated with unfiltered water and bottom sediment (10 centimeters deep, homogenized) from the Chesapeake Bay . It should be noted that although environmental conditions were carefully controlled to simulate critical features of the estuarine environment, this design nevertheless represents an intentional simplification of the physical and biological complexity present in nature. The experimental extent of even the largest system in this study was smaller than plankton patch size (i.e., smaller than characteristic grain) in nature.
A host of variables were measured (table 1). Primary productivity was used as an integrated measure of dynamic ecological responses to variations in system size and shape. A set of simple scaling hypotheses was developed based on differences in wall area and water-column depth. Depthscaling hypotheses started with the understanding that primary productivity in temperate coastal ecosystems often experiences a seasonal shift from light-limitation in the spring to nutrient-limitation in the summer. An important dimensional difference between these two limiting factors is that light energy is received on an areal basis (e.g., units of micromoles [µmol] per square meter [m 2 ] per second) and is then absorbed as it travels down to deeper parts of the water column. In contrast, plankton experience nutrients on a volumetric basis (e.g., moles per m 3 ), and concentration is relatively constant over depth in a well-mixed water column.
Depth-scale hypotheses. These dimensional differences in nutrients and light suggest two simple depth-related scaling hypotheses that were tested in our mesocosm experiments. First, because light is experienced on an areal basis, under purely light-limited conditions gross primary productivity (GPP, or net daytime molecular oxygen (O 2 ) production + nighttime O 2 respiration) might be expected to be constant among different depth systems when expressed on an areal basis (GPP area = C 1 , where C 1 = a constant; units = grams ( Radius-scale hypothesis. A review of the literature revealed that periphyton growth is cleaned from tank walls in only a small percentage of mesocosm studies (figure 2b). We therefore conducted experiments with tanks of different radius to quantify the artifacts of scale associated with this wall growth. A reasonable starting assumption in such experiments is that the relative contribution of wall productivity to total system productivity should be proportional to the ratio of wall area to water-column volume. In a cylindrical mesocosm, the wall area-to-volume ratio is inversely proportional to the radius ([2πr x z]/[πr 2 x z] = 2/r, where r = radius). Based on these basic geometric considerations, a simple hypothesis for the relative contribution of walls to total gross primary productivity among systems of different radius is that GPP wall /GPP total = C 3 /r (C 3 = a constant).
To test these depth and radius hypotheses, 4-to 6-week experiments were conducted in the MEERC facility under both high and low nutrient conditions. Special incubation chambers with internal mixing were constructed to allow wall and water column productivity to be measured independently (Petersen and Chen 1999) . Data from these experiments (figure 6a, 6b) were consistent with both of our depth-scale hypotheses: Productivity in the different depth tanks was constant when expressed per unit area under light-limited conditions and was constant when expressed per unit volume under nutrient-limited conditions. As an additional test of these concepts, we applied a pulse of nutrients to the ecosystems during the low-nutrient experiment. Consistent with our hypothesis, this resulted in a temporary shift away from constant productivity per unit volume toward constant productivity per unit area (figure 6c). The finding that depth can regulate the balance between total system production and respiration has important implications for trophic relations and biochemistry in natural ecosystems (Fee 1979 . In a more general sense, the results of these experiments suggest that hypotheses regarding the fundamental effects of scale, which would be difficult to test in natural ecosystems, can be successfully tested using multiscale mesocosm experiments.
Results from this series of experiments were also generally consistent with our expectation that the relative contribution of wall periphyton to total system productivity and associated nutrient uptake would decrease with increasing radius (Chen et al. , 2000 . The results do not, however, fall cleanly along the line predicted by the radius-scale hypothesis (figure 7a). Indeed, when wall productivity is expressed per unit of wall surface area, periphyton growth rate on tank walls is a hyperbolic function of tank radius (figure 7b 
Extrapolating effects from mesocosms to nature
The experiments discussed above illustrate the potential for quantifying scaling relationships through multiscale experiments. However, we recognize that, as in most ecological experiments, the experimental extent scale of even MEERC's largest experimental systems is considerably smaller than the natural grain and extent scales of the natural ecosystems to which we wish to extrapolate results. Scaling theory predicts that certain patterns and processes become evident only as scale is increased beyond certain thresholds of extent (Wiens 1989) . Furthermore, our own hypotheses and data indicate that scaling patterns tend to be nonlinear (e.g., figures 6 and 7). So it is possible, for instance, that patterns that are scale dependent in our mesocosm experiments become scale independent at larger scales of natural systems (figure 8a, solid line). Likewise, it is possible that relationships that we see as scale independent in mesocosms are functions of scale in larger natural ecosystems (figure 8a, dotted line). Finally, it is possible that thresholds exist over which small changes in scale result in dramatic and possibly GPP vol = C 2 GPP area = C 2 x z GPP area = C 1 GPP vol = C 1 /z discontinuous changes in ecological dynamics. Given these possibilities, it is important that findings from multiscale experiments be validated with data collected from a range of larger-scale ecosystems in nature. The MEERC mesocosms were derived from, and intended to serve as models of, Chesapeake Bay ecosystems. Therefore, it seems reasonable to compare our results with data from parallel field studies conducted in the mainstem Chesapeake Bay and in its tributaries ( figure 8b, 8c, 8d) . To assess the legitimacy of extrapolating the results from our experiments to natural systems, we calculated a least-squares fit for the general equation describing our depth-scale hypotheses (Y = C 1 /z, where Y = a depth-dependent ecological variable; figure 6a). We used data from light-limited (spring) experiments both for mesocosms alone (broad gray lines in figure 8b, 8c, 8d) and for mesocosms plus natural ecosystems (solid black lines in figure 8b, 8c) . In one case, this was done with GPP used as the dependent variable (figure 8b). In the second case (figure 8c), we assumed that zooplankton were limited by primary productivity rather than by predation, and therefore we used a similar equation to express zooplankton biomass (ZPB) as an inverse function of depth (ZPB vol = B 1 /z, where z = water depth; ZPB vol units = g carbon per m 3 ). For both GPP and ZPB, coefficients derived from mesocosm data alone were almost identical to those derived by combining data from mesocosms and natural ecosystems (figure 8b, 8c). It is worth noting, however, that GPP data for the Patuxent estuary fall some distance from the fitted equation. Had we included data for other natural ecosystems, we would anticipate considerable scatter around the regression, because many factors other than depth vary among estuaries. Indeed, in many ways, this is the point: The great strength of multiscale mesocosm experiments is that these other factors, such as nutrient loading, can be held constant so that scaling effects can be successfully isolated. This comparison suggests that, at least for some variables and under some circumstances, scaling relationships revealed in mesocosms are robust and can be directly extrapolated to natural systems.
For other variables, however, the potential value of mesocosms for revealing fundamental scaling relationships and the potential for direct extrapolation may be more complicated. For instance, we anticipated that benthic nitrogen recycling would also follow our depth-scale hypothesis. However, in this case, although an inverse equation neatly fits data from our mesocosm experiments (gray line in figure 8d) , it is abundantly evident that this equation does a poor job of predicting data gathered from larger natural ecosystems (dotted line in figure 8d ). There are a number of explanations for why scaling relationships for nitrogen regeneration might differ between mesocosms and nature. For example, in the mesocosms in our studies, the sediment was mixed immediately before each experiment, and this disturbance may have accentuated initial regeneration rates. In addition, although the horizontally rotated impellers used to mix our experimental systems produced realistic mixing in the water column, these impellers produced much less realistic mixing at the sediment-water interface. The lesson is that although multiscale experiments can, in some cases, be used to identify valid scaling relationships, unrealistic biological and physical conditions within mesocosm studies (i.e., an inadequate representation of physical complexity) can distort ecological dynamics and result in erroneous conclusions.
Effects of ecosystem complexity
A rule of thumb in any type of modeling is that the best model contains the minimum degree of complexity necessary to accurately capture the dynamics under investigation. Our results suggest that a relatively simple planktonic experimental ecosystem may be sufficient to capture a range of depth-related scaling patterns evident in deeper natural planktonic ecosystems. But many important coastal dynamics are determined by more complex interactions within and among trophic levels and among habitats that were excluded from the MEERC planktonic-benthic mesocosms. One of our goals, therefore, was to explore the effects of ecological complexity by varying both trophic and habitat complexity ( figure 4, table 1 ).
Adding trophic complexity to planktonic-benthic ecosystems. Zooplanktivorous fish were added to planktonic-benthic mesocosms in order to (a) determine how the size and shape of experimental ecosystems affect fish behavior and (b) explore the effects of greater trophic complexity on ecosystem dynamics. Our scaling hypotheses for the initial planktonic experiments assumed bottom-up control of the phytoplankton by light or nutrients. Adding fish to these systems allowed for top-down control through predation on zooplankton.
In two experiments, bay anchovies (Anchoa mitchilli), a small, schooling zooplanktivorous fish, were added in equal density to the C, D, and E tanks (figure 5). Bay anchovies are the most abundant fish in Chesapeake Bay and constitute a major food source for predatory fish (Hartman and Brandt 1995) . In a 30-day experiment, anchovies were stocked at densities of two individuals per m 3 , and in a 74-day experiment, they were stocked at densities of four individuals per m 3 . Mesocosms that contained no fish were also included as controls. Growth rates were determined by weighing fish at the start and end of each experiment. Zooplankton abundance, chlorophyll a, primary productivity, and nutrient concentration were measured at 3-to 7-day intervals.
As observed in many previous studies (e.g., Carpenter et al. 1985) , the presence of zooplanktivorous fish did indeed reduce the number, biomass, and size of zooplankton (Mowitt 1999) . Unique to this study, however, were the dramatic effects of mesocosm size, shape, and experimental duration on fish growth rates (figure 9). In the shorter (30-day) experiment, fish growth was linearly related to the ratio of volume to wall area. The results of an individual-based simulation model constructed in parallel with our experiments suggest that this scale dependence in fish growth is largely attributable to negative effects of wall encounters on foraging efficiency (Heath and Houde 2001) . In the 30-day experiment, fish growth rates in the two 10-m 3 systems fell within the range observed for anchovy of similar size (50 mm) in Chesapeake Bay (figure 9; Newberger and Houde 1995). Although growth rates in a longer (74-day) experiment also increased with the ratio of volume to wall area, these rates were much lower than those in the 30-day experiment. We surmise that fish growth became food-limited during the second half of the 74-day experiment because zooplankton populations were unable to compensate for the continuous grazing pressure of fish. In this experiment, then, the effect of increased experimental duration (i.e., the temporal extent of the experiment) also represented an artifact of reduced system size (the spatial extent of the experiment). In summary, we found a definable window for experimental extent (size ≥ 10 m 3 , duration ≤ 30 days) in which our experimental ecosystems produced realistic fish behavior. The dimensions of this research window obviously depend on the organism and habitat under investigation, but our results suggest that the dimensions necessary to achieve realistic behavior can be experimentally determined.
Varying species diversity in experimental marsh ecosystems. The debate over the relationship between ecological function and various attributes of biological diversity has been fueled in large part by the results of experiments conducted in terrestrial and microbial mesocosms and in relatively small research plots (e.g., Tilman et al. 1997, Naeem and Li 1998) . Because tidal estuarine marshes have long been postulated to play an important role in processing nutrients and organic matter at the land-sea interface, we designed an experiment to evaluate the effects of species diversity on this function. Six marsh mesocosms were constructed using fiberglass tanks (6 m long, 1 m wide, 1 m deep) angled at a 20:1 slope (figure 4b). Continuous groundwater flow was delivered with high and low nutrient concentrations at rates designed to match average monthly input to local coastal marshes (Staver and Brinsfield 1993) . In addition, pumps were employed to simulate a 12.5-hour tidal exchange with filtered water from an adjacent estuary. The experimental systems were initiated with a combination of homogenized sediments and Ecological property sediment plugs containing marsh plants taken from nearby natural habitat. A low-diversity treatment was planted and weeded regularly to maintain three common plant species found in Chesapeake marshes, Spartina alterniflora, Spartina patens, and Distichlis spicata, and no macrofauna were intentionally added. A high-diversity treatment was initiated with the same three plants plus six additional plant species and eight animal species. The experiment was run for 5 years to evaluate long-term dynamics. We should note that while we were able to preserve the plant species diversity over the temporal extent of the experiment, we were unsuccessful in maintaining the additional animals introduced in the highdiversity treatment.
Both low-and high-diversity marshes proved to be effective at removing nutrients from groundwater for the duration of the experiment. This supports the long-held view that coastal marshes play a critical functional role in eutrophic landscapes (Odum 1961) . However, our most striking finding was that plant diversity had no significant effect on any of the functional variables examined during the experiment. The fact that others have observed significant effects of diversity on functional attributes such as productivity in terrestrial environments (e.g., Symstad et al. 2003) implies that plant diversity may be more important in some types of ecosystems than in others. In a larger sense, these results should serve as a caution against direct extrapolation of findings among ecosystem types or from generalized experimental ecosystems that are designed to represent broad classes of ecosystems to specific ecosystem types.
Although diversity had no statistically detectable effect on ecosystem function, the temporal extent of the experiment had a substantial effect on productivity in our marsh mesocosms. During the first 2 years of the study, plant growth was considerably higher than the typical values reported for natural marshes. We speculate that this is attributable to ample nutrients in the disturbed sediments, to light penetration, and to available ground surface for colonization early in the experiment. During subsequent years, growth rates fell to levels within the reported ranges for plants in natural marshes. Most marsh mesocosm experiments are of short duration (typically days to weeks; . The rapid initial growth evident in our experiment early on implies that the treatment effects observed in such short-duration experiments may be confounded by artifacts of scale associated with experimental extent scales that are far shorter than the natural extent scales that characterize the life cycles of marsh plants.
Effects of water exchange
The rate of water exchange with surrounding ecosystems is a scaling characteristic that controls many important processes in aquatic systems. Estuarine ecosystems frequently exhibit high rates of primary and secondary productivity, and this is often attributed to large material exchange resulting from the estuaries' position at the interface between the watershed and the tidal ocean (e.g., Odum 1961) . Although exchange incorporates both temporal and spatial scale, it is often convenient to express water exchange in terms of residence time (i.e., time required for incoming water to replace the entire volume of the basin or container) or, alternatively, as exchange rate (1/residence time). Flow-through chemostat experiments are commonly used to study phytoplankton growth; however, few ecosystem-level studies have attempted to simulate exchange rates that characterize specific natural ecosystems, and fewer still have explicitly assessed the effects of different exchange rates on ecological dynamics. Indeed, most mesocosm experiments are closed to water exchange ), a situation that almost certainly distorts ecological dynamics. To examine the effects of exchange, we conducted experiments in and among a variety of estuarine habitats.
Water exchange in planktonic-benthic systems. We used nine 1-m 3 mesocosms (the C tanks in figures 4a and 5) to determine the effect of different exchange rates (0%, 10%, and 30% exchange of filtered estuarine water per day) on plankton dynamics. In 4-week experiments conducted with high-nutrient influent waters typical of spring conditions, primary productivity and phytoplankton biomass increased with increasing exchange rate (figure 10a), while zooplankton biomass decreased with increasing exchange (figure 10b). When the same experiment was repeated using low-nutrient influent waters (summer), the pattern of increase in productivity and phytoplankton biomass was similar (figure 10a). In this case, however, zooplankton abundance increased with increasing exchange rate (figure 10b). Simulation modeling studies corroborated the conclusion that a transition in the effects of exchange occurred under these two scenarios: In the high-nutrient experiment, the primary producers were controlled from the top down by zooplankton grazing. Zooplankton abundance, in turn, was controlled by the rate at which these organisms washed out of the mesocosm. In the low-nutrient experiment, phytoplankton and zooplankton were both controlled from the bottom up by the availability of nutrients. Thus, we found that the consequences of changing water exchange rates on a planktonic community depend on the characteristics of incoming water.
Water exchange and nutrient competition between submerged aquatic plants and their epiphytes. Several mesocosm experiments have demonstrated that nutrient enrichment can inhibit the growth of sea grasses and other submersed plants by stimulating growth of (and associated shading by) epiphytic algae (e.g., Short et al. 1995) . Other studies, however, have reported little response of epiphytes and sea grasses to nutrient enrichment (e.g., Taylor et al. 1995) . A close examination of the literature revealed that these discrepancies in observed responses might be related to differences in water exchange rates (Murray et al. 2000) . Hence, we conducted a series of 6-week experiments in 1-m 3 mesocosms to examine effects of exchange rate on Potamogeton perfoliatus and associated epiphytes (Murray et al. 2000) . Tanks with four exchange rates (100%, 300%, 600%, and 1200% per day; three replicates per treatment) were planted with submersed plants. Separate experiments were conducted with low concentrations and high concentrations of nutrients in replacement water (2 to 4 and 20 to 24 µmol ammonium, with a 10:1 molar ratio of nitrogen to phosphorus).
We found that relative responses of plants and epiphytes to nutrient concentrations were indeed strongly influenced by exchange ( figure 10c, 10d) . At low water exchange rates, epiphyte growth was inhibited because host plants were able to deplete nutrients from the water column, while at higher exchange rates, epiphytes flourished because host plant uptake had little effect on nutrient concentrations. A simulation model that was developed in parallel corroborated this interpretation and also revealed the importance of initial plant biomass and timing of nutrient additions during the life cycle of the host plant (Murray et al. 2000) .
Effects of exchange among habitats. Waves, tides, and river flow induce the exchange of organisms, materials, and energy among estuarine habitats. Although this exchange almost certainly affects dynamics within individual habitats, it has proved challenging to include multiple habitats within a single mesocosm in a way that retains realistic proximities, interactions, and relationships. This has led some researchers to design coupled mesocosms that move water through a series of tanks, each of which represents a different trophic level, a different habitat, or a different distance from the mouth of an estuary (e.g., Adey and Loveland 1991) . To examine how processes within submerged aquatic vegetation (SAV) beds interact with those in the deeper water column, we compared the behavior of coupled mesocosms with different types of exchange between SAV and planktonicbenthic habitats (figure 4d; e.g., Murray et al. 2000) . The 1-m 3 planktonic-benthic habitat was identical in dimensions and mixing to the C tanks described previously ( figure  5 ). The SAV habitat was a 1-m 3 rectangular tank (1.50 m long, 1.00 m wide, 0.67 m deep), mixed with a paddle wheel. An Archimedes screw pump was used to control the rate of bidirectional water exchange between the planktonic-benthic and SAV components without damaging plankton (visible in the center of figure 4d ).
In 45-day experiments, nutrient concentration, epiphyte accumulation, and phytoplankton biomass all increased with exchange rate. We found that, at similar nutrient concentrations, the effects of exchange on this coupled SAV community were more pronounced than the effects on SAV in similar mesocosms (described above) receiving a oneway exchange of filtered estuarine water. Evidently, experiments with one-way flow fail to capture certain dynamics that result from bidirectional interactions. In general, the results of these exchange experiments indicate that the time scale and quality of exchange are critical determinants of experimental outcome. Exchange must therefore be carefully considered in the design of experimental ecosystems and in the comparison and extrapolation of results among systems that differ in exchange.
Effects of physical scale on within-system and among-system variability Thus far we have emphasized the effects of various aspects of scale on average ecological properties. Scale can also affect variability observed within ecological systems (within-system variability) and variability observed among parallel or replicate ecosystems (among-system variability). Within-system variability occurs over both space (i.e., internal patchiness) and time (fluctuations in dynamics over time). In field studies, as plot size increases, researchers capture an increasing diversity of organisms and habitats; within-system variability increases with increasing spatial extent until all habitat types within the landscape are encompassed.
Applying this to mesocosm research, if our experimental ecosystem is small relative to patch size in nature, then we may only be able to realistically incorporate one habitat type within the mesocosm. If diversity begets stability (a question still subject to much debate; Symstad et al. 2003) , then increases in internal heterogeneity associated with increases in size should lead to decreasing internal variability with increases in size; variability over time and among replicates should decrease with increasing spatial extent of the experiment. This logic suggests two related hypotheses that were examined in MEERC mesocosm studies. First, for among-system variability, we postulated that as mesocosm size increases, stability should also increase, leading to decreases in variability among replicates. Second, if we collected multiple samples at different points within a small mesocosm, we would expect to find less variability among these samples than if we followed the same procedure in a larger system; within-system variability should increase with size.
We tested our hypothesis for scale effects on amongsystem variability using data from planktonic-benthic mesocosm experiments. To illustrate the results, we plotted the coefficient of variation among three replicate mesocosms of each dimension for a combination of measured phytoplankton-related properties (chlorophyll a, phaeophyton, particulate organic carbon and nitrogen, and dissolved silica) versus a characteristic mesocosm length scale (we used the square root of total mesocosm surface area). We found that the coefficient of variation decreased exponentially with increases in mesocosm length (figure 11a). From the standpoint of experimental design, this means that, on average, fewer replicates should be needed in large than in small mesocosms to achieve the same degree of statistical power. Although we attribute the pattern to logistic constraints rather than to statistical consideration, it is interesting to note that replication does, indeed, decrease with increasing mesocosm and plot size (e.g., figure 2a ; see also Kareiva and Andersen 1988) .
To test our second hypothesis for scale effects on withinsystem variability, we sampled copepod abundance at five evenly spaced points across the diameter of mesocosms of three sizes in the anchovy-grazing experiments described above. We found that the within-system coefficient of variation for zooplankton abundance did indeed increase with container length scale ( figure 11b ). This finding might be attributed to increasing variability of mixing within larger mesocosms or to patchiness associated with animal behavior. Further, this tendency for within-system variability of zooplankton to increase with container length scale appears to be accentuated as experimental duration increases (figure 11b). These results suggest that the scale dependence of variance for key ecosystem properties follows general patterns and that consideration of these patterns may be useful for improving the design and interpretation of ecological experiments.
Designing scale-sensitive experiments: Rules and tools
The multiscale experiments described in this article have been explicitly designed to examine how ecosystem dynamics vary with scale. Our results all point to the conclusion that scaling choices can profoundly affect experimental outcome. We recognize that, unlike those described here, most experiments are conducted at a single scale and are designed to address questions other than the effects of scale. Recognizing that scale is important, how might ecological researchers apply the best available theory and empirical knowledge to design "scale-sensitive" (sensu Bissonette 1997) experiments?
A first principle in designing scale-sensitive studies is to maximize consistency among three scales: (1) scales associated with the research goals, (2) scales associated with the organisms and processes under investigation, and (3) scales associated with the physical conditions of the experiment. This means explicitly designing the experiment to create a match between experimental and characteristic scales. For instance, for many studies, it is appropriate to choose the duration of the study (i.e., experimental extent) as a whole-integer multiple (at least one or two) of the generation times of the dominant organisms (i.e., a characteristic temporal extent). This practice ensures that the change observed during the experiment is not biased by starting and ending at different phases in the organisms' life cycle. Likewise, it is important to consider the home range (i.e., the characteristic spatial extent) of the dominant organism in selecting mesocosm size (i.e., the experimental extent). Experimental designs that fail to match the experimental scales with the characteristic scales of key organisms and processes frequently result in erroneous conclusions (Tilman 1989) .
Dimensional approaches to scaling experimental ecosystems. We have asserted that mesocosms are inherently distorted representations of nature. A key question, then, is whether researchers can somehow compensate for these distortions in the design and interpretation of experiments. The term dimensional analysis encompasses a variety of techniques that are based on the proposition that certain universal relationships should apply regardless of the dimensions of a particular system under investigation. In general, these techniques involve developing dimensionless relationships that capture the balance between processes or forces governing the dynamics of a particular system. Dimensional analysis has been widely used for some time in engineering to develop scale models. A number of ecologists have advocated its use as a tool for systematically adjusting for scaling distortions in the design and interpretation of mesocosm studies (e.g., Kemp et al. 1980, Petersen and Hastings 2001) . In this case, the central idea is that distortions in one dimension or variable can be counterbalanced by distortions in others to conserve desirable relationships. Below, we offer two examples of how dimensional analysis can be applied in the design of experiments and one example of how this approach can be considered in the interpretation of experiments.
Retaining tidal extent by manipulating slope and porosity in marsh mesocosms. In nature, tidal marshes may extend for miles between upland areas and open coastal water. Enclosed experimental marshes are obviously much more constrained in their spatial extent. How might one design an estuarine marsh mesocosm of modest length (1 to 10 m) that retains both the groundwater residence time and the tidal amplitude of a much longer natural marsh? Darcy's law governs flow through the marsh substrate (Q = k p (∆H/L), where Q = flow rate per unit cross-sectional area, k p = hydraulic conductivity of the marsh sediment, ∆H = rise in height between the upland border and open-water edge of the marsh, and L = length of marsh. Dimensional analysis suggests that one approach to maintaining similar residence time in a miniaturized marsh mesocosm is to decrease the hydraulic conductivity of the marsh, perhaps by altering the porosity of the sediment media or by introducing other impediments to flow, such as semipermeable membranes. It is possible that modification of this variable generates unacceptable distortions in sediment biogeochemistry, but at a minimum, the dimensional approach makes the scaling tradeoffs involved in design decisions explicit and quantitative rather than implicit and qualitative.
"Fish dipping" as a time-for-space substitution. The "mean-field approximation" is a common implicit assumption that spatial or temporal variability is not important and that the effects of variable conditions can be adequately simulated using average conditions. For example, although light intensity in natural ecosystems is variable on a number of time scales, in mesocosms researchers often employ artificial light of fixed intensity using a fixed light-dark cycle (e.g., 12:12). Likewise, continuous nutrient additions are often used to simulate nutrient input that is variably delivered in nature. There is increasing recognition that temporal and spatial variability are important in driving ecological dynamics, and that ecological processes that exhibit nonlinear responses, such as the interaction between photosynthesis and light or between predation and prey abundance, do not respond realistically to mean-field approximations. A fundamental problem is that key scales at which variability occurs in nature are often larger than the extent scales of experimental ecosystems. For instance, in the natural pelagic environment, patches of zooplankton are periodically consumed by schools of planktivorous fish that leave a wake of copepod carnage and patches of high-nutrient excreta behind them. In contrast, for relatively small and confined experimental systems, continuous grazing by planktivorous fish that are stocked at mean estuarine densities is likely to result in ecological dynamics that differ from those in nature.
One option for increasing the realism of predator-prey dynamics would be to simulate the patchiness of schooling fish by periodically adding and removing groups of fish from a mesocosm that contains zooplankton (e.g., Harass and Taub 1985) . We explored the efficacy of this approach in a series of experiments. In parallel treatments, a small number of anchovies (4 per m 3 ) were maintained continuously in one set of mesocosms, while a larger number (14 per m 3 ) were periodically added and removed (using lift nets) from a second set of mesocosms. The frequency and duration of pulsed fish addition was adjusted so that the total number of "fish hours" (fish density x time in tank) was identical in both treatments (approximately 3000 fish hours per m 3 ). Fish used for the pulse treatment were maintained in holding tanks between additions. We found that copepod abundance was significantly lower in the tanks in which fish were continuously present relative to those that received pulsed addition of predators. Apparently zooplankton populations were able to recover from the intense but short losses to predatory pulses. From this experiment, we conclude that the mean-field approximation can indeed distort experimental results, but also that dimensional manipulations, such as the time-for-space substitution described here, can be effectively used to compensate for such distortions.
Nondimensionalizing time to explore transient responses. This article began with a discussion of the necessary balance between control, realism, and generality in experimentation. In addition to aiding in experimental design, dimensional analysis might be used to increase the generality of experiments by allowing researchers to compare results among experiments that differ in time, space, and complexity. For instance, many ecosystems, both experimental and natural, exhibit transient blooms in primary productivity following initiation or during early succession. These blooms occur on time scales that correspond with the characteristic scales of the organisms involved; phytoplankton reproduce on hour to day time scales, whereas trees reproduce on decade to century time scales. Researchers interested in exploring general theories often choose to use microbial communities with small characteristic time and space scales. Nondimensionalization of time scales may provide a quantitative means of considering the implications of such experiments for ecosystems dominated by larger organisms with slower generation times. For example, although the absolute time scales are quite different, similar bloom patterns are evident in our marsh experiments and our plankton experiments when time is expressed in units of producer generation time (figure 12). For both sets of experiments, the pattern most likely results from depletion of initial resource (nutrient) pools. We found that in plankton-dominated mesocosms this "boom-bust" bloom cycle was substantially damped with continual addition of nutrients.
Simulation models as aids in design and extrapolation. As the examples we have included in our discussion of MEERC experiments suggest, we believe that simulation models provide a valuable tool for addressing questions of scale in mesocosm studies. Both experimental ecosystems and simulation models are abstractions and simplifications of nature, but they represent different balances among control, realism, and generality. To some extent, the advantages and disadvantages of the two approaches are counteracting and therefore complementary (Kemp et al. 1980) . This is evident in a number of instances in which mesocosm studies and simulation models have been employed in parallel (e.g., Parsons 1990). We have found simulation models of great value in interpreting and extrapolating results of the multiscale experiments described in this article. For instance, we developed a model to simulate interactions between plankton, benthic, and periphyton communities and calibrated it using data from our size-shape experiments (figure 5; , Chen 1998 . Simulations revealed that under our experimental conditions, artifacts associated with periphyton growth on mesocosm walls could be reduced to acceptable levels by cleaning the walls twice each week and using tanks with a radius of 2 m or greater. Once the model was calibrated with experimental data, simulations were then run using no-wall scenarios to remove the effect of this artifact and to explore possible effects in nature more realistically (Chen 1998) . Given the importance of spatial heterogeneity in controlling ecological dynamics, we believe that coupling mesocosms with spatially explicitly dynamic simulation models will become an increasingly powerful approach to ecological research (figure 13). In this approach, mesocosms can be thought of as individual cells (grain) within a heterogeneous matrix of different habitats that cover broad spatial extent. Likewise, models can be used to explore effects of temporal variability that are difficult to incorporate in the design of mesocosm studies. We argued earlier that scale effects are often nonlinear and may sometimes exhibit threshold effects. Numerical models offer an excellent tool for exploring nonlinear feedback effects at scales that are larger than individual mesocosms.
Conclusion
Mesocosms have proved to be valuable tools for ecological research and are likely to continue to gain in popularity. At the same time, the "science of scale" is increasingly recognized as an important field of ecological inquiry. These two trends should not occur in isolation. Ten years of research at MEERC have revealed that mesocosm experiments can be designed to test a wide variety of scale-related hypotheses that would be difficult or impossible to test in nature. In general, we have found that multiscale experiments can be used both to elucidate fundamental effects of scale, which are evident in both natural and experimental ecosystems, and to quantify artifacts of enclosure, which are solely attributable to the artificial environment in mesocosms. Specifically, we have found that
• Simple geometric and ecological considerations are a good basis for developing scaling hypotheses; however, empirical study can reveal unanticipated effects.
• Direct extrapolation of scaling relationships elucidated in mesocosms to nature is sometimes possible, but experimental findings should be verified at large scales using field data.
• For a given question and system, an "experimental window" of scale, in which mesocosms exhibit realistic ecological dynamics, can often be empirically determined.
• Researchers must be particularly cautious when attempting to extrapolate findings from simple, generalized experimental ecosystems to specific natural ecosystems.
• Rate, quality, and variability in external exchange are critical components of scale that affect ecological dynamics.
• Both within-system and among-system variability in ecological properties are functions of experimental scale.
• Dimensional analysis and numerical simulation models provide valuable tools for designing scale-sensitive mesocosms and extrapolating results.
Other researchers are finding that experimental scale affects diverse ecological relationships, ranging from the ecological impact of toxins (Morris et al. 1994 ) to vertical transport (Sarnelle 1999) to food chain interactions (Bergström and Englund 2002) . Multiscale experiments such as these represent a logical approach to identifying mechanisms by which patterns and processes vary with scale. On the one hand, Vertical exchange among sediments, water layers, and atmosphere understanding these mechanisms is crucial to improving researchers' capacity to systematically extrapolate findings from mesocosm studies to whole ecosystems in nature. On the other hand, these experiments also hold the promise of advancing environmental scientists' ability to interpolate information among natural ecosystems that differ in size, shape, and ecological complexity.
